The platelet factor-4 variant, designated PF-4var/CXCL4L1, is a recently described natural non-allelic gene variant of the CXC chemokine platelet factor-4/CXCL4. PF-4var/CXCL4L1 was cloned, and the purified recombinant protein strongly inhibited angiogenesis. Recombinant PF-4var/CXCL4L1 was angiostatically more active (at nanomolar concentration) than PF-4/CXCL4 in various test systems, including wound-healing and migration assays for microvascular endothelial cells and the rat cornea micropocket assay for angiogenesis. Furthermore, PF-4var/CXCL4L1 more efficiently inhibited tumor growth in animal models of melanoma and lung carcinoma than PF-4/CXCL4 at an equimolar concentration. For B16 melanoma in nude mice, a significant reduction in tumor size and the number of small i.t. blood vessels was obtained with i.t. applied PF-4var/CXCL4L1. For A549 adenocarcinoma in severe combined immunodeficient mice, i.t. PF-4var/CXCL4L1 reduced tumor growth and microvasculature more efficiently than PF-4/CXCL4 and prevented metastasis to various organs better than the angiostatic IFN-inducible protein 10/CXCL10. Finally, in the syngeneic model of Lewis lung carcinoma, PF-4var/CXCL4L1 inhibited tumor growth equally well as monokine induced by IFN-; (Mig)/CXCL9, also known to attract effector T lymphocytes. Taken together, PF-4var/ CXCL4L1 is a highly potent antitumoral chemokine preventing development and metastasis of various tumors by inhibition of angiogenesis. These data confirm the clinical potential of locally released chemokines in cancer therapy. [Cancer Res 2007;67(12):5940-8] 
Introduction
Platelet factor-4 (PF-4) has been biochemically characterized as a platelet product with high affinity for heparin long before the term chemokine was introduced to designate small inducible chemotactic cytokines binding to G protein-coupled receptors (GPCR) and attracting various leukocyte subsets to inflammatory sites (1, 2) . The position of the conserved cysteines has been used to classify PF4/CXCL4 among the CXC chemokines along with the later discovered granulocyte chemoattractant interleukin-8 (IL-8)/ CXCL8 (3). Subsequently, two functional receptors were identified for IL-8/CXCL8 [i.e., CXC chemokine receptor 1 and 2 (CXCR1 and CXCR2)]. Furthermore, IL-8/CXCL8 and other neutrophil-attracting CXC chemokines binding to CXCR2 were shown to possess angiogenic activity (4) (5) (6) . In contrast to IL-8/CXCL8, the CXCR3 ligands, monokine induced by IFN-g (Mig)/CXCL9, IFN-inducible protein 10 (IP-10)/CXCL10, and IFN-inducible T-cell a chemoattractant (I-TAC)/CXCL11 are angiostatic and predominantly attract T lymphocytes and natural killer (NK) cells (7) (8) (9) (10) . The fact that the existence of a functional GPCR for PF-4/CXCL4 has been difficult to elucidate allows us to speculate that its pleiotropic biological activities, such as promotion of neutrophil and monocyte cell adhesion to endothelium and inhibition of angiogenesis, are mediated through different cellular mechanisms, including glycosaminoglycan in addition to GPCR binding (11) (12) (13) (14) (15) . Indeed, PF-4/ CXCL4 has significant antitumoral activity by inhibition of GPCRmediated endothelial cell chemotaxis, whereas its procoagulant activity is mediated by heparin binding (16) (17) (18) (19) . Its role in thrombosis and in megakaryopoiesis was confirmed by generation of PF-4/CXCL4 knockout mice (20) . However, for several biological effects ascribed to PF-4/CXCL4 (e.g., in atherosclerosis and hematopoiesis; refs. 21, 22) , the precise underlying molecular mechanisms are complex and remain partially elusive.
In a previous study, we isolated and identified the PF-4 variant CXCL4L1 from thrombin-stimulated platelets (23) . It was shown that natural PF-4var/CXCL4L1 is a more potent inhibitor of endothelial cell chemotaxis and angiogenesis than the wellcharacterized PF-4/CXCL4, whereas other biological characteristics of PF-4var/CXCL4L1 remain unknown. Here, we confirm in vitro activities with recombinant PF-4var/CXCL4L1 at nanomolar concentrations and show that this angiostatic chemokine is a stronger inhibitor of tumor growth and metastasis than PF-4/ CXCL4 using different tumor models. PF4var/CXCL4L1 was more potent than IP-10/CXCL10 in preventing tumor metastasis in immunocompromised animals, whereas it had equal antitumoral activity as Mig/CXCL9 in immunocompetent mice. Finally, we provide evidence that antitumoral effects of PF-4var/CXCL4L1 observed at low chemokine dose are predominantly mediated by inhibition of angiogenesis.
with NaHCO 3 and supplemented with 10% fetal bovine serum (FBS) and L-glutamine. The A549 adenocarcinoma and weakly immunogenic Lewis lung carcinoma (LLC) cell lines were obtained from the American Type Culture Collection and cultured as described (24, 25) .
Cloning and purification of recombinant PF-4var/CXCL4L1. The coding region of human PF-4var/CXCL4L1 cDNA was cloned from a human platelet cDNA preparation in two consecutive steps. First, a rather long PF-4var/CXCL4L1 cDNA fragment was amplified by primers specifically binding PF-4var/CXCL4L1 and not PF-4/CXCL4 (5 ¶-TATAGAATTCCAG-GGAGTCACTGCCTGCAGAACC-3 ¶ as forward primer and 5 ¶-TATACTC-GAG GATTGAAAGTGCACACTTAGGCAGC -3 ¶ as backward primer; respective EcoRI and XhoI sites are in italic). The amplicon (445 bp) was cloned into the pBluescript II vector (Stratagene). The reconstructed phagemid was verified by both restriction analysis and DNA sequencing. This construct was used as a template to amplify the coding region of the mature PF-4var/CXCL4L1 protein (5 ¶-TATACCATGGCCGAAGCTGAAGAA-AGATGGGGACCTG-3 ¶ as forward primer and 5 ¶-TATACTCGAGGCTAG-GTAGCTAACTCTCCAAATGTTCC-3 ¶ as backward primer; respective NcoI and XhoI sites are in italic). The PCR reaction product was gel-purified, restriction-digested with NcoI and XhoI, and ligated into the corresponding sites of the pHEN1 expression vector (26) , which contained a LacZ promoter and a PelB leader sequence to direct the expression product to the bacterial periplasm. Verification of the sequence of pHEN1 PF-4var/ CXCL4L1 was done on both strands. The ligation mixture was transformed into Escherichia coli XL1-Blue cells (Stratagene). For recombinant protein production, the transformed cells were grown in SOC medium containing ampicillin (100 Ag/mL) and supplemented with 0.1% glucose at 37jC with shaking to the mid-logarithmic phase (A 585 , 0.55). At this cell density, isopropyl-L-thio-B-D-galactopyranoside ( final concentration, 0.5 mmol/L) was added for induction of PF-4var/CXCL4L1 expression, and incubation was continued for another 4 h followed by harvesting of the cells and preparation of the periplasmic fraction, as described (26) . The harvested periplasm was stabilized by addition of a bacterial protease inhibitor cocktail and kept frozen at À20jC until purification.
Pure recombinant PF-4var/CXCL4L1 was obtained from the periplasmic fraction by a purification procedure previously described (23, 27) . In a first step, crude periplasmic recombinant PF-4var/CXCL4L1 was purified by heparin-Sepharose affinity chromatography and analyzed by SDS-PAGE and silver staining. Subsequently, fractions enriched in PF-4/CXCL4 immunoreactivity were purified to homogeneity by reversed-phase high-performance liquid chromatography (RP-HPLC). After adjustment of the pH [from pH 7.4 to pH 2.0 with 1% trifluoroacetic acid (TFA) in H 2 O], pooled heparinSepharose fractions containing PF-4var/CXCL4L1 were injected on a RP-HPLC column equilibrated with 0.1% TFA in H 2 O (Source 5 RPC column, Amersham Biosciences/GE Healthcare Bio-Sciences Corp.) and eluted in an acetonitrile (0-80%) gradient (1-mL fractions). Proteins eluting from the RP-HPLC column were analyzed by mass spectrometry on an electrospray ion trap mass spectrometer (Esquire, Bruker) and analyzed for endotoxin contamination by the Limulus amebocyte lysate test (Cambrex Bio Science).
Endothelial cell migration. Inhibition of endothelial cell migration in vitro was assayed in two different experimental settings. For the in vitro wound-healing assay, human dermal microvascular endothelial cells (HMVEC-d; Cambrex Bio Science) were cultured in 24-well plates in EBM-2 medium with the EGM-2-MV Bulletkit (Cambrex Bio Science). When HMVEC were grown to confluency, the culture medium was replaced with 0.5 mL per well EBM-2 medium with 40 Ag/mL mitomycin C, without EGM-2-MV Bulletkit. After 30 min at 37jC and 5% CO 2 , a plastic pipette tip was used to draw a linear ''wound'' in the cell monolayer of each well. The monolayers were washed twice with PBS to remove the cells that were detached from the monolayer, and chemokines were added in EBM-2 medium with EGM-2-MV Bulletkit (0.5 mL per well). After 36 to 48 h, HMVEC cultures were fixed and stained with Hemacolor staining solutions. In every 24-well plate, three control cultures were included to which no chemokine was added. The difference of the width before and after treatment of the individual wounds were scored under a microscope and set at zero for control cultures. A wound that was broader compared with control scars (inhibition of HMVEC migration) received an inhibition score and ranged from À3 (very broad) to 0. All samples were tested in triplicate in each 24-well plate and were scored double blind by three investigators. Digital pictures from representative wells were taken with a Canon G3 camera mounted on a Carl Zeiss Axiovert 40 CFL microscope with an A-plan Â10/0.25 objective (Carl Zeiss).
The Boyden chamber assay for endothelial cells has been described previously (28) . For this assay, human lung microvascular endothelial cells (HMVEC-L; Cambrex Bio Science) were cultured following the manufacturer's instructions.
Cornea assay. Analysis of the in vivo angiostatic activity of recombinant PF-4var/CXCL4L1 was done in hooded Long-Evans rat eyes as described previously (5, 23) .
Tumor models. Animal experiments were approved by the local animal ethics committees [University of Leuven and University of California, Los Angeles (UCLA)] and conducted in conformity with the Belgian, European and U.S. guidelines for the protection of animals used for scientific purposes. B16 experiments were done with 6-to 8-week-old female athymic nu/nu mice (NMRI background) kept in a specific pathogen-free environment (Elevage Janvier). B16 melanoma cells in log phase (2 Â 10 6 cells resuspended in 200 AL of PBS) were injected s.c. on day 0 in the right dorsal flank. Animals were injected at the tumor site with 50 AL of test sample [i.e., endotoxin-free saline (0.9% NaCl, Baxter), 5 Ag of natural human PF-4/CXCL4, or 1 Ag of recombinant human PF4var/CXCL4L1 in saline]. All animals were observed thrice a week, and the tumor dimensions were measured with calipers. For immunohistochemical analysis of tumor vasculature, tumors were harvested and snap frozen in liquid N 2 , and sections were analyzed for the presence of blood vessels reacting with rat anti-mouse CD31 antibody (PharMingen/BD Biosciences) using the anti-rat immunoglobulin horseradish peroxidase detection kit from PharMingen and were microscopically evaluated on a Carl Zeiss Axiovert-200M. Digital pictures from representative slides were taken with a MRc5 camera (Carl Zeiss) and a Plan Apochromat Â20/0.8 objective.
CB-17 severe combined immunodeficient (SCID) mice (6-8 weeks old; UCLA Animal Core Facility, Los Angeles, CA) and C57Bl/6 mice (Jackson Labs) were injected s.c. into the right flank with 10 6 A549 cells or 10 6 LLC cells in 100 AL, respectively. Mice were treated with i.t. injections of 20 AL of chemokine solution (or PBS supplemented with 1 mg/mL human serum albumin as vehicle control) thrice a week. Once palpable tumors were visible, tumors were measured in two dimensions with calipers on a weekly basis. At 4 weeks (LLC) or 8 weeks (A549) after tumor cell injection, animals were euthanized by pentobarbital overdose, and the tumors were resected, removed of extraneous tissue, and measured. A portion of the resected tumors was fixed in 4% formaldehyde for histologic analysis. Another portion of the tumors was used for flow cytometry (29) . Briefly, two 6-mm tumor punches (determination of angiogenesis) or whole organs (determination of leukocyte influx or metastasis) were minced and digested in 5 mL of 1 mg/mL type IV collagenase (Roche Applied Sciences) for 45 min at 37jC with constant agitation in a water bath. Single-cell suspensions were obtained by repeatedly aspirating the cell suspensions through the bore of a 18-mL syringe. RBC lysis was done for 3 min at room temperature in lysis buffer
2)]. Intermediate wash steps were done using fluorescence-activated cell sorting (FACS) buffer (1% FBS and 0.1% sodium azide in PBS). Finally, cell suspensions were passed over a 70-Am nylon mesh; the total cell count was determined; and cells were resuspended in FACS buffer to 1 Â 10 7 cells per milliliter. Samples (100 AL) were stained at 4jC for the presence of endothelial cells using the panendothelial cell marker MECA-32 (BD Biosciences) and analyzed by FACS. First, the percentage of endothelial cell marker-positive cells was determined. Subsequently, the total number of endothelial cells inside a tumor was obtained by multiplication with the determined tumor volume. Single-cell suspensions were also prepared to quantify leukocyte influx in tumors. Total leukocyte, monocyte, and neutrophil counts were determined by FACS analysis using anti-CD45 (BD Biosciences), Moma-2 (AbD Serotec), and anti-Gr Statistical analysis. All data were analyzed using the Statview 4.5 statistical software package (Abacus Concepts, Inc.) or Statistica (StatSoft, Inc.). All animal group comparisons were evaluated by the ANOVA test with Bonferroni/Dunn post hoc analysis, unless otherwise indicated in the figure legend. Data are expressed as mean F SEM.
Results
Functional characterization of recombinant PF-4var/ CXCL4L1 in vitro and in vivo. PF-4var/CXCL4L1 expressed in E. coli was purified to homogeneity by heparin-Sepharose affinity chromatography and subsequent RP-HPLC (data shown in Supplementary Data). Pure recombinant 8-kDa CXCL4L1 protein eluted from both types of columns at a similar position as natural PF-4var/CXCL4L1 and corresponded to the major peak of PF-4 immunoreactivity determined by ELISA. Recombinant PF-4var/ CXCL4L1 was confirmed to have the correct molecular mass upon SDS-PAGE and mass spectrometry analysis. Furthermore, the NH 2 -terminal sequence was verified by Edman degradation on an automated protein sequencer (data not shown). The biological activity of recombinant PF-4var/CXCL4L1 was evidenced in the in vitro wound-healing assay on mitomycin C-treated human microvascular endothelial cells (Fig. 1A and B) . Figure 1B shows that recombinant PF-4var/CXCL4L1 significantly inhibited endothelial cell migration at 10 ng/mL, whereas natural PF-4/CXCL4 only did so at 200 and 1,000 ng/mL. Furthermore, in the endothelial cell migration assay using the Boyden chamber, recombinant PF-4var/CXCL4L1 very efficiently inhibited the chemotactic activity of both IL-8/CXCL8 and bFGF from 5 ng/mL onwards, whereas natural PF-4/CXCL4 only marginally affected endothelial cell chemotaxis at 50 ng/mL (Fig. 1C) . This stronger in vitro potency of recombinant PF-4var/CXCL4L1 to inhibit endothelial cell migration was finally confirmed in the rat cornea micropocket assay for angiogenesis (n = 6 for each treatment). In this in vivo test, angiogenic IL-8/CXCL8 (80 ng per pellet) or bFGF (50 ng per Figure 1 . In vitro characterization of recombinant PF-4var/CXCL4L1. Recombinant PF-4var/CXCL4L1 was tested in the in vitro wound-healing assay for inhibition of endothelial cell migration (A and B ). Confluent monolayers of HMVEC-d were scarred, and repair was monitored microscopically after 42-h treatment with recombinant CXCL4L1 (2 or 10 ng/mL) or CXCL4 (200 or 1,000 ng/mL). Zero scores correspond to the change in wound width for untreated control cultures (Co ). A wound that retained a broader width compared with control wounds (inhibition of migration) received a negative score. A, representative photographs taken from two different experiments. B, columns, average changes in scores from three to five independent experiments; bars, SEM. *, P < 0.05; **, P < 0.01, statistically significant inhibition (Mann-Whitney test). In the Boyden chamber assay (C ), recombinant (rec ) CXCL4L1 (1-50 ng/mL) was compared with natural (nat ) CXCL4L1 (1-50 ng/mL) and CXCL4 (1-50 ng/mL) for its capacity to reduce migration of HMVEC-L toward bFGF (50 ng/mL) or CXCL8 (80 ng/mL). To show specific migration, background (unstimulated control) migration (45 cells per high-power field) was subtracted. Results are derived from two independent experiments in triplicate. Angiogenic activity of bFGF (broken lines ) and CXCL8 (dotted lines ). pellet) were 70% to 80% inhibited by both natural and recombinant PF-4var/CXCL4L1 at 50 ng per pellet, whereas natural PF-4/CXCL4 (50 ng per pellet) had no inhibitory effect on bFGF-induced angiogenesis (data not shown). Applied as single stimulus, IL-8/ CXCL8 and bFGF triggered neovascularization in five or six of six corneas, respectively. Taken together, it can be concluded that recombinant PF-4var/CXCL4L1, tested in three different assays, is an at least 10-fold more potent inhibitor of angiogenesis than PF-4/ CXCL4. Based on these findings, we aimed to verify whether PF4var/CXCL4L1 could also exert a more pronounced antitumoral activity.
Comparison of PF-4/CXCL4, PF-4var/CXCL4L1, and angiostatic CXCR3 ligands for the inhibition of melanoma and lung carcinoma growth and metastasis. To assess the antitumoral activity of PF-4var/CXCL4L1, different experimental settings were used. To exclude that leukocyte influx is necessary for the possible antitumoral effect, nude mice lacking functional T cells and SCID beige mice, which lack T and B cells and which also have NK cell dysfunction, were used first, allowing also to evaluate human tumor cells (A549 adenocarcinoma). In addition, PF-4var/CXCL4L1 was analyzed in parallel with chemokines known to attract effector T lymphocytes in an immunocompetent mouse system with syngeneic tumors (LLC in C56Bl/6 mice). With regard to the injected chemokine dose, two different approaches were applied. In the first animal model (B16 melanoma), the antitumoral potency of PF-4var/CXCL4L1 was evaluated in direct comparison with PF-4/ CXCL4, for which high doses (50 Ag per injection) have previously been applied to obtain antitumoral effects (17, 30) . Second, in more prolonged tumor models (lung carcinoma), PF4var/CXCL4L1 was injected at lower doses in comparison with CXCR3 ligands, to which angiostatic activity has been ascribed at much lower doses (0.1 Ag per injection; refs. 31, 32) .
In a first experimental setting, three groups of 12 to 14 athymic nude mice were each injected s.c. with 2 Â 10 6 B16 melanoma cells and were then i.t. treated (thrice per week; six or seven injections in total) with 5 Ag natural PF-4/CXCL4, 1 Ag recombinant PF-4var/CXCL4L1, or physiologic saline. Tumor growth, determined by external measurement (thrice per week) of the tumor size, was found to be reduced in the PF-4/CXCL4 and PF-4var/CXCL4L1 groups compared with control mice over the whole period of 17 days, when mice were killed ( Fig. 2A) . Figure 2B shows that the resected tumor volume was also significantly reduced (P = 0.035) in the PF-4var/CXCL4L1 group (median, 556 mm 3 ) versus saline-treated mice (median, 940 mm 3 ), whereas the effect of PF-4/CXCL4 (median, 803 mm 3 ) was yet not significant at a 5-fold higher dose, indicating a stronger antitumoral potency of the variant PF-4 form. It was next verified whether this antitumoral activity could be mediated by inhibition of angiogenesis. This was evidenced by immunohistochemical evaluation of the i.t. microvasculature using anti-CD31 staining ( Fig. 2C and D) . Indeed, the number of small i.t. blood vessels was significantly lower in PF-4var/CXCL4L1-treated mice compared with the PF-4/CXCL4 or saline control group (P = 0.01 and 0.02, respectively). The fact that we did not observe a significant antitumoral effect for PF-4/CXCL4 in this tumor model could be due to the lower dose of PF-4/CXCL4 applied compared with previous studies (daily injections of 50 Ag) with this angiostatic chemokine (17, 30) .
Second, in a model of non-small-cell lung cancer, SCID mice were injected s.c. with 10 6 A549 adenocarcinoma cells and treated i.t. (0.1 Ag; thrice a week), with either PF-4/CXCL4, PF-4var/ CXCL4L1, or vehicle control. After 4 weeks, tumors were clearly larger in control mice, and in particular, for the PF-4var/CXCL4L1 group, reduced tumor growth was most pronounced after 8 weeks, when mice were sacrificed (Fig. 3A) . The resected PF-4var/ CXCL4L1-treated tumors were on average less than half the size of the control tumors, whereas the PF-4/CXCL4 treatment did not provide a statistically significant decrease in tumor size (Fig. 3B) . Nevertheless, determination of the angiostatic effect of PF-4 treatment by flow cytometric analysis of single-cell tumoral suspensions revealed significant decreases in MECA-32 + endothelial cells and confirmed reduced angiogenesis in both the PF-4/ CXCL4 (P = 0.045) and PF-4var/CXCL4L1 (P = 0.026) groups versus control mice (Fig. 3C) .
We next compared PF-4var/CXCL4L1 with the angiostatic CXCR3 ligand IP-10/CXCL10 upon i.t. injection (0.1 Ag; thrice per week) to inhibit growth of human A549 adenocarcinoma in SCID mice. After 8 weeks, tumors in control mice reached volumes (>2,000 mm 3 ), which were significantly (P < 0.05) larger than those (F1,000 mm 3 ) in mice treated with PF-4var/CXCL4L1 or IP-10/ CXCL10 (Fig. 4A) . The resected tumor volume was also significantly smaller (P < 0.017) for the PF-4var/CXCL4L1 and IP-10/CXCL10 groups versus control mice (Fig. 4B) , the effect of PF-4var/ CXCL4L1 being more pronounced. Moreover, flow cytometric analysis of tumor cell suspensions confirmed the angiostatic potential of the two chemokines, as evidenced by the significantly (P < 0.01) reduced number of MECA-32 + endothelial cells in tumors treated with PF-4var/CXCL4L1 or IP-10/CXCL10 (Fig. 4C ). This angiostatic effect was confirmed by the detection of increased tumor cell necrosis in chemokine-treated animals (data not shown). Finally, it was observed that metastasis of A549 adenocarcinoma cells to brain, adrenal gland, lung, liver, and blood was significantly (P < 0.017) prevented by i.t. PF4var/CXCL4, whereas IP-10/CXCL10 inhibited the number of metastatic cells in the brain only (Table 1) . Thus, the antitumoral activity of human PF-4var/CXCL4L1 was found to be more pronounced than that of IP-10/CXCL10 and PF-4/CXCL4 in this SCID/A549 chimeric model of non-small-cell lung cancer. To know whether the antitumoral effect of CXCL4L1/PF-4var is solely based on its angiostatic activity, the influx of leukocytes was excluded. Because SCID mice are devoid of T-cell, B-cell, and NK cell activity, monocyte and neutrophil infiltration was evaluated in this model. FACS analysis of single-cell suspensions prepared from resected tumors of PF4var/CXCL4L1-treated mice revealed no significant changes in CD45 + leukocytes, whereas in IP-10/CXCL10-treated animals, the number of total leukocytes per tumor volume was doubled (Fig. 4D) . Because no clearly enhanced influx of Moma-2 + monocytes and Gr-1 + granulocytes was observed in PF-4var/ CXCL4L1-injected tumors, it can be concluded that leukocyte infiltration (granulocytes, monocytes, T cells, B cells, and NK cells) is not a major determinant in the antitumoral effect of this angiostatic chemokine.
In a third syngeneic model (i.e., LLC in C57Bl/6 mice), the antitumoral potential of PF-4var/CXCL4L1 was compared with that of the angiostatic chemokine Mig/CXCL9 in immunocompetent mice. Figure 5A shows that both CXC chemokines (at an i.t. dose of 0.1 Ag; thrice per week) gradually inhibited tumor growth over time compared with control mice. A significant reduction (P < 0.02) in tumor size was reached 4 weeks after injection of tumor cells. This antitumoral effect was confirmed on resected tumors (Fig. 5B ) from mice treated with PF-4var/CXCL4L1 (P = 0.022) or Mig/ CXCL9 (P = 0.018). Tumor growth retardation was again due to inhibition of angiogenesis (Fig. 5C) as evidenced by the significantly reduced numbers of MECA-32 + endothelial cells by treatment with PF-4var/CXCL4L1 (P = 0.016) or Mig/CXCL9 (P = 0.021). Taken together, these data show that in three different tumor models using immunocompromised or immunocompetent mice, a clear cut angiostatic effect for PF-4var/CXCL4L1 was noticed, resulting in significant inhibition of tumor growth and metastasis. Figure 2 . Inhibition of tumor growth and angiogenesis by treatment of B16-melanoma with the angiostatic chemokines PF-4/CXCL4 or PF-4var/CXCL4L1. Mice (nu/nu NMRI background, n = 38, compilation of two independent experiments) were injected on day 0 with 2 Â 10 6 B16 melanoma cells and divided into three groups, which received 9 g/L NaCl saline (n = 14), 5 Ag CXCL4 (n = 12), or 1 Ag CXCL4L1 (n = 12) per injection, respectively. Treatment started on day 1 (experiment 2) or day 3 (experiment 1), and saline or chemokines were injected i.t. thrice a week. In total, six (experiment 1) or seven (experiment 2) injections were administered. Tumor dimensions were measured on every day of chemokine injection. Mean values per group were calculated (A). At these time points, the tumor volume was calculated using the formula: (4pab 2 ) / 3 (a and b , largest and smallest radius, respectively). On day 17, tumors were resected, and the dimensions were measured to determine the tumor volume more exactly (B ), which was calculated by the formula: (4pabc ) / 3 (a, b, or c , measured radii). Points/columns, mean tumor sizes (mm 3 ) per treatment group; bars, SEM. On day 17, resected tumors from the CXCL4L1-treated group were significantly smaller (*, P = 0.035) than those from the vehicle-treated group (Mann-Whitney test). The microvasculature in B16 tumors in the 20 mice of experiment 1 treated with 0.9% NaCl saline (n = 8), 5 Ag CXCL4 (n = 6), or 1 Ag CXCL4L1 (n = 6) per injection was evaluated. Per tumor, four biopsies were frozen and evaluated by immunohistochemistry. Blood vessels were visualized in frozen tissue sections by staining with anti-CD31 (red reaction product localizes to endothelial cells lining blood vessels) followed by a faint counterstain with Mayer's hematoxylin. Per tumor biopsy, 6 high-power fields were evaluated in one representative section by counting the number of vessels present, making a distinction between large and small vessels. Per representative section, the mean number of small and large blood vessels was calculated per high-power field. C, box-whisker plot of statistical analysis of the differences in the number of small blood vessels in the three groups of tumor treatment. D, representative photographs taken. Bar, f100 Am. The Kruskal-Wallis test (C ) indicated that the three groups are statistically different (P = 0.017). The number of small blood vessels in the group treated with CXCL4L1 was significantly lower than in the groups treated with saline or CXCL4 (Mann-Whitney test, P = 0.01 and P = 0.02, respectively). Treatment with 5 Ag CXCL4 did not significantly influence the number of small blood vessels, when compared with the saline control group. There was no significant difference in the number of large blood vessels per high-power field among the three groups (data not shown, Kruskal-Wallis test).
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Cancer Res 2007; 67: (12 (33) . Alternatively, chemokines also affect tumor development by attracting immunocompetent cells with protumoral or antitumoral activities. Indeed, tumor-infiltrating leukocytes, such as macrophages, might promote tumor growth and progression (34, 35) . However, effector T lymphocytes and NK cells are considered to exert antitumor activity. In this context, CXCR3 ligands, attracting T lymphocytes and NK cells, can inhibit tumor growth. Moreover, these chemokines are also antitumoral by inhibiting endothelial cell proliferation and migration through GAG and/or CXCR3 binding (13, 33) . In contrast, tumor growth inhibition by PF-4/CXCL4 is expected to occur predominantly via its angiostatic activity, rather than by attracting effector lymphocytes. In this study, the recently identified PF-4var/CXCL4L1 (23) was compared with authentic PF-4/CXCL4 and the CXCR3 ligands Mig/CXCL9 and IP-10/CXCL10 and was found to inhibit tumor growth and angiogenesis more efficiently in different animal models.
First, it was shown that recombinant PF-4var/CXCL4L1 is at least 10-fold more potent than PF-4/CXCL4 in preventing endothelial cell migration, as tested in the in vitro wound-healing Figure 3 . Inhibition of tumor growth and angiogenesis by treatment of A549 adenocarcinoma with PF-4var/CXCL4L1 in comparison with PF-4/CXCL4. CB-17 SCID mice were injected s.c. on day 0 with A549 adenocarcinoma cells and divided into three groups, which received vehicle control (n = 10), 0.1 Ag CXCL4L1 (n = 10), or 0.1 Ag CXCL4 (n = 10) per injection, respectively. Treatment started at the time of tumor inoculation. Chemokines were injected i.t. thrice a week, and tumor dimensions were measured every week (A ). At these time points, the tumor volume was calculated using the formula: (4pab 2 ) / 3 (a and b, largest and smallest radius, respectively). After 8 wks, mice were sacrificed, and exact tumor dimensions were determined (B), which was calculated by the formula: (4pabc ) / 3 (a, b , or c , measured radius). Points/columns, mean tumor size (mm 3 ) per treatment group; bars, SEM. Per group, six tumors were minced into single-cell suspensions for flow cytometric analysis. In these cell suspensions, % MECA-32 + endothelial cells was determined to monitor angiogenesis in the tumors (C ). *, P < 0.05, statistically significant difference between the control group and the mice treated with CXCL4L1 or CXCL4. Figure 4 . Treatment of A549 adenocarcinoma with the angiostatic chemokines PF-4var/CXCL4L1 or IP-10/CXCL10. Mice (SCID Beige) were injected s.c. on day 0 with A549 adenocarcinoma cells and divided into three groups, which received vehicle control (n = 10), 0.1 Ag human CXCL4L1 (n = 10), or 0.1 Ag murine CXCL10 (n = 10) per injection, respectively. Treatment started at the time of tumor inoculation. Chemokines were injected i.t. thrice a week, and tumor dimensions were measured every week (A). After 8 wks, mice were sacrificed, and exact tumor dimensions were determined (B). The formulas used to calculate tumor volumes are mentioned in Fig. 3 legend. Points/columns, mean tumor size (mm 3 ) per treatment group; bars, SEM. Per group, five tumors were minced into single-cell suspensions for flow cytometric analysis. In these cell suspensions, % endothelial cells (MECA-32 + ) was determined to monitor angiogenesis in the tumors (C ). In addition, the cell suspensions were analyzed for leukocyte content by FACS analysis (D ). The total number of leukocytes (CD45 + cells), monocytes/macrophages (Moma-2 + cells), and granulocytes (Gr-1 + cells) was determined per tumor volume. *, P < 0.05, statistically significant difference between the control group and the mice treated with CXCL4L1 or CXCL10.
assay and the Boyden chamber migration assay on human microvascular endothelial cells. This finding was confirmed by the in vivo rat cornea micropocket assay for angiogenesis. Second, this stronger potency of PF-4var/CXCL4L1 compared with PF-4/ CXCL4 was also shown upon i.t. injection in the rapidly progressing B16 melanoma model (2 weeks) using athymic nude mice in which the effect of infiltrating lymphocytes is excluded. Furthermore, reduction in tumor size by PF-4var/CXCL4L1 was paralleled by a significantly lowered presence of i.t. microvasculature as evidenced by CD31 staining. Similar results were obtained in a slower progressing model of non-small-cell lung carcinoma (8 weeks), in which PF-4var/CXCL4L1 inhibited the growth of human A549 cells in SCID mice more efficiently than PF-4/CXCL4. Angiostasis again accounted for the antitumoral effect of both PF-4 forms as evidenced by flow cytometric analysis of the tumors. I.t. injection of PF4var/CXCL4L1 or IP-10/CXCL10 at equimolar concentrations revealed a comparable reduction in A549 tumor size, paralleled with an equal inhibition of tumoral angiogenesis. However, upon injection of PF-4var/CXCL4L1, the metastatic behavior of the tumor was more impaired compared with IP-10/CXCL10 or buffer treatment. Because SCID beige mice have deficiencies in the lymphocyte lineage functions (lacking T and B cells and having impaired NK cell function), these data show that lymphocyte recruitment is not required for the inhibition of tumor growth and metastasis by PF-4var/CXCL4L1. In addition, analysis of tumorassociated leukocytes in the A549/SCID beige model revealed no statistically significant difference in the number of monocytes and granulocytes in the PF-4var/CXCL4L1-treated tumors compared with buffer treated tumors. Finally, it was found that in the syngeneic model of LLC (4 weeks) PF-4var/CXCL4L1 and the CXCR3 ligand Mig/CXCL9 both significantly inhibited tumor growth, which was paralleled with an equal reduction in i.t. endothelial cells. In this model using immunocompetent mice, the effect of infiltrating tumor-associated leukocytes can not be excluded, especially with regard to the potential attraction of antitumoral Th1 effector cells by Mig/CXCL9.
The molecular basis of the angiostatic and antitumoral activities of the PF-4 forms remains an enigma, although for CXCL4, several mechanisms have been proposed (36) . The findings that PF-4var/ CXCL4L1 and the CXCR3 ligands IP-10/CXCL10 and Mig/CXCL9 can inhibit the angiogenic effect of IL-8/CXCL8 indicate that GPCR are probably implicated (33) . Indeed, CXCR2 is expressed on endothelial cells and could be responsible for the angiogenic activity of IL-8/CXCL8 and other CXC chemokines using this receptor (28) . However, it is still unknown how angiostatic CXCR3 ligands can molecularly prevent angiogenesis induced by CXCR2 ligands. Yang and Richmond indicate that for the angiostatic activity of IP-10/CXCL10 in tumors, CXCR3 receptor binding but not glycosaminoglycan binding is essential (37) . Alternatively, Soejima and Rollins found a functional receptor for IP-10/CXCL10 on endothelial cells, which is neither CXCR3 nor glycosaminoglycan Figure 5 . Reduced tumor growth and vascularity after treatment of LLC with the angiostatic chemokines PF-4var/CXCL4L1 or Mig/CXCL9. Mice (C57Bl/6; n = 30) were injected s.c. on day 0 with LLC cells and divided into three groups, which received vehicle control (n = 10), 0.1 Ag human CXCL4L1 (n = 10), or 0.1 Ag murine CXCL9 (n = 10) per injection, respectively. Treatment started at the time of tumor inoculation. Chemokines were injected i.t. thrice a week, and tumor dimensions were measured every week (A). After 4 wks, mice were sacrificed, and exact tumor dimensions were determined (Panel B ). The formulas used to calculate tumor volumes are mentioned in Fig. 3 legend. Points/columns, mean tumor size (mm 3 ) per treatment group; bars, SEM. To assess tumor vascularity, six tumors per group were minced into single-cell suspensions for flow cytometric analysis using the panendothelial cell marker MECA-32 (C ). *, P < 0.05, statistically significant difference between the control group and the mice treated with CXCL4L1 or CXCL9. (38) . The report that human PF-4/CXCL4 is a ligand for a variant of CXCR3 (i.e., CXCR3B; ref. 15) does not clarify the issue because there is no evidence for the existence of CXCR3B in mice, and human PF-4 forms are angiostatic in mice against both human and mouse tumors. Furthermore, the NH 2 -terminal part of chemokines has been considered as essential for receptor binding (39) . In this context, it is surprising that COOH-terminal fragments of PF-4/CXCL4 are equally or more angiostatic compared with intact chemokine (40) . Because the COOH-terminal part of CXCL4 interacts with glycosaminoglycans, it has been suggested that this part is important for the angiostatic activity of PF-4/CXCL4 by preventing the binding of growth factors to their receptor (13, 36) . However, PF-4var/CXCL4L1 has less affinity for heparin than PF-4/CXCL4 while being more angiostatic, indicating that a combined effect of binding to both GAG and GPCR might be implicated. Finally, it has been shown that PF-4/CXCL4 can form inactive complexes with IL-8/CXCL8 (41) as well as with bFGF (42) . The angiogenic activity of IL-8/CXCL8 and bFGF is strongly inhibited by PF-4var/CXCL4L1 (23) , and one could speculate that PF-4var/CXCL4L1 is more efficiently complexed with these angiogenic factors. Definitively, further experimental work is necessary to elucidate the molecular mechanisms through which PF-4 variants inhibit angiogenesis, exploring chemokine, GAG, as well as GPCR binding. It is generally accepted that chemokines can be detrimental for tumor development and progression, despite the fact that tumor cell-derived chemokines may be beneficial for tumor growth (refs. 34, 35 ; e.g., by attracting leukocytes loaded with proteases that can promote tumor invasion and metastasis; ref. 43 ). In addition, the expression of chemokine receptors contributes to metastasis of tumor cells to the organs where the corresponding chemokine is produced (44) . Antitumoral activity of locally delivered chemokine has been tested for several CXC and CC chemokines. Application of engineered tumor cells or oncotropic viruses (e.g., parvovirus) to locally release chemokines, such as monocyte chemotactic protein-3 (MCP-3)/CCL7 and Mig/CXCL9 in melanoma and lung carcinoma, confirms their potential clinical value in anticancer therapy (32, 45) . Furthermore, such approach can be applied as a combination therapy in which chemokines (e.g., CXCR3 ligands) and cytokines (such as IL-2 and IL-12) are co-delivered to reach both an optimal angiostatic and immunogenic antitumoral effect (46, 47) .
